Abstract: An optically transparent ultrabroadband microwave absorber was proposed and experimentally verified, which achieved 23.4-GHz deep absorption bandwidth (absorption >0.8 from 15.6 to 39.0 GHz). What is more, the whole absorber is transparent in the visible light range (transmittance >0.8 from 400 to 1100 nm). The absorber thickness was 1.1 mm only, about 1/10 of the center wavelength (9.23 mm, or 32.5 GHz), and can be further reduced. Further analysis showed that the absorber was insensitive to the polarization angle and dropped only little for incident angles smaller than 30°. In general, this absorber can achieve ultrabroadband low reflection in both visible-light and microwave frequencies, providing a new solution for the design of stealth systems.
Introduction
The optically transparent microwave system is a thriving research topic. Examples including transparent RFID system [1] , graphene-based transparent THz waveband absorber [2] , and others [3] - [12] . Among them, the ultra-broadband microwave absorber is of special interest, because it has important applications in antenna design [3] , filter structure [4] , electromagnetic shielding [5] , [6] and electromagnetic compatibility [7] , [8] . As a mature transparent conducting oxide, indium tin oxide (ITO) has been used in the design of transparent microwave absorbers, usually in narrow bands though [9] - [11] . The main ideas include to use ITO as the ground plane [12] to replace metal conductors, and to simply pack multiple ITO films to increase the microwave absorption ratio [9] . Hanazawa M. et al. used ITO layers with different sheet resistance on top of PET, to realize X waveband absorption (7-11.2 GHz) [13] . Similarly, Takizawa K et al. adjusted the sheet resistance and spacing of top and bottom ITO layers to achieve absorption at 60 GHz [14] .
An optically transparent ultra-broadband metamaterial absorber based on ITO glass is proposed in this article. The design idea is to use ITO as the transparent conducting material on top and bottom of glass medium, and to form metamaterials with designed equivalent impedance at the given frequency range through special structure design, thus realizing ultra-broadband absorption.
Also, many research work has been reported to achieve ultra-broad absorbing bandwidth [15] - [24] , most not transparent though. For example, Ghosh S. et al. used multiple resonance units to increase the numbers of absorbing peak [25] - [29] , Ding F. et al. used multiple-layer metal resonance structures with different sizes to increase the absorbing bandwidth [13] , [30] - [32] . However, the additional thickness or layers to achieve broad bandwidth will increase the difficulty and cost of fabrication, thus limiting the practical applications. Therefore, development of thin ultra-broadband absorber becomes important [13] . The proposed transparent absorber has a thickness of 1.1 mm, only about 1/10 of the center wavelength (9.23 mm for 32.5 GHz), which is thin enough and can still be further reduced.
In general, the proposed ITO-based microwave absorber has the merits of optically transparent, ultra-broadband microwave absorption, thin structure, and easy and cost-effective fabrication.
Design and Simulation
The metamaterial absorber has a Metal-Dielectric-Metal sandwich structure, with ITO as the top resonance structure array layer, glass as the medium layer, and another ITO as the bottom ground layer which covers the whole surface. When the EM wave incidents into the structure surface, the top resonance structure will form surface current causing electric resonance, and the top and bottom layer together will form anti-parallel current thus causing magnetic resonance. By reasonably designing the geometric shape and size of the top resonance structure array, the electric resonance and the magnetic resonance can overlap in the same bandwidth, thus both the electric field energy and the magnetic field energy can be absorbed in this band, realizing perfect absorption (absorption ratio close to 1).
The absorption ratio can be calculated by Eq. (1), where f is the incident frequency, A(f) is the ratio of absorption power, R(f) is the ratio of reflection power, T(f) is the ratio of transmission power, and S 11 (f ) and S 21 (f ) are the corresponding S parameters.
For transmittance T(f), because the bottom ground ITO layer has very high conductivity in the microwave range (close to PEC), T(f) is close to 0, or S 21 is close to 0. So Eq. (1) can be rewritten as:
The R(f) can be calculated by Eq. (3):
Here Z(f) is the impedance of the absorbing structure, which can be calculated by Eq. (4):
And Z 0 is the impedance in the free space, or
where μ 0 is the permeability in vacuum, and ε 0 is the permittivity in vacuum. Thus we can see that, the design objective is to adjust the structure parameters of the top ITO layer to optimize the equivalent μ r and ε r of the metamaterial, so that the absorber impedance Z(f) equals to the free space impedance Z 0 , thus achieving minimum R(f) (close to 0). The optimized resonance structure array unit is illustrated in Fig. 1 . The unit has two overlapped solid squares at the center, surrounded by a square split-ring.
ANSYS HFSS was used for the absorption spectrum simulation. To simulate the array structure of the metamaterial, Foloquet port and master-slave boundary condition were set in the software, with the unit structure periodically repeated in the X and Y directions. The optimized structure parameters were: D 1 = 800 μm, D 2 = 2000 μm, W 1 = 400 μm, W 2 = 400 μm, W 3 = 800 μm, and P = 4000 μm. The glass slide thickness was 1.1 mm, and the relative permittivity was 5.5. The ITO coating thickness was 185 nm, with a sheet resistance of 8 /squar e and inductance 0. The simulation result is shown in Fig. 2 .
It can be seen from Fig. 2 that the full-width-half-maximum (FWHM) bandwidth reaches 25.7 GHz (from 13.9 GHz to 39.6 GHz). Or, if we use absorption ratio >0.8 as the criterion, the high-absorption band reaches 23.4 GHz, (from 15.6GHz to 39GHz). Both are ultra-broad. There are two absorption peaks, one at 18.1 GHz (absorption ratio 0.990) , and one at 32.5 GHz (absorption ratio 0.992). 
Experiments
The ITO was sputtered onto the 1.1 mm glass slide substrate, followed with wet-etching to obtain the metamaterial structure. The whole fabrication process was very straightforward and used mature industrial techniques, with high potential of mass production. The fabricated sample is shown in Fig. 3 .
The test system is illustrated and pictured in Fig. 4 (a) and (b).
The experiment was performed in a microwave anechoic chamber, and the S 11 parameter was measured by a vector network analyzer (Rohde&Schwarz ZVA 67). The sample size was 9.6 mm * 9.6 mm. Three sets of standard horn antennas were used in the measurement to cover different wavebands: 15.0 GHz-22.0 GHz, 18.0 GHz-26.5 GHz, and 26.5 GHz-40.0 GHz. A flat copper board was used as the PEC reference reflection plane for calibration of the system [33] , and the measured S 11 was used as the reference signal of complete reflection. Then the sample shown in Fig. 3 was placed at the exactly same location, and the difference between the measured reflection signal from the sample and from the reference copper board was used as the sample reflection S 11 signal. The absorption can be calculated from the S 11 values using Eq. (2). The measured absorption spectrum is shown in Fig. 5 , matching pretty well with the simulation results. Possible error origins include the noise during testing as well as the fabrication error. The optical transmission spectrum of the sample was also measured from 250 nm to 10000 nm (10 μm), using an ultraviolet-visible-infrared spectrometer (Evolution 220) together with a homemade infrared spectrometer, to cover a very broad waveband from ultraviolet through visible light all the way to mid-infrared, as shown in Fig. 6 . The inset shows the transmission spectrum from 250 nm to 1050 nm, where the whole transmission curve was above 0.8. The ITO film is well-known for its transparency in the visible light region, and it has strong reflection in the middle and far infrared region, mainly due to excitation of surface plasmonic wave [34] - [37] .
From Fig. 6 we can see that in the ultraviolet waveband from 250 nm to 300 nm, the transmittance was almost 0, and the transmittance increased quickly with the wavelength increasing from 300 nm to 400 nm. The transmittance in the whole visible light range was above 0.84, so the sample was very transparent in the visible light range. Yet in the long wavelength range, from 2.5 μm to 10 μm, the transmittance was almost 0. Therefore, in the measured light waveband, this sample worked as a band-pass filter, with the transmission window in the visible light waveband. This property, together with the ultra-broadband microwave absorption characteristic, makes the sample a perfect stealth system. It may be worthy to mention that many transparent absorber designs still rely on metal wires as electric current carriers, and are transparent only in the area without metal coverage. Thanks to the transparency of ITO, the proposed absorber is transparent in all the area.
Discussion and Analysis

Space Distribution of Electric Currents and Fields
To better understand the ultra-broadband absorption characteristic of the metamaterial absorber, detailed simulation was performed to analyze the space distribution of the electric currents and fields. At the two peak absorption frequencies, i. e., 18.1 GHz and 32.5 GHz, the distribution of the surface electric currents is shown in Fig. 7 .
From Fig. 8 we can see that strong electric fields appeared at the edge of the split ring and the gap between the split ring and the overlapped squares, and the electric field at the edge of the overlapped squares was also very strong. Strong electric field means existence of strong electric field resonance. From the electric current distribution at the top and bottom surfaces shown in Fig. 7 , it can be seen that the high electric current values appeared at the two arms of the split rings. At the same time, at the absorption peak, the electric current at the top and bottom surfaces were anti-parallel, so that the electric current could form magnetic dipole, which then generate strong magnetic resonance at the resonance frequencies. Therefore, the resonance array structure at the top ITO layer can adjust the equivalent permittivity or the electric response, and the combination of the top and bottom ITO layers can adjust the equivalent permeability or the magnetic response. According to Eqs. (2)- (4), when the equivalent permittivity and permeability were adjusted to proper values, the structure could have an equivalent impedance matching the free space impedance, thus the absorption would be very close to 1. This is the objective of the structure optimization during simulation.
Equivalent Circuit Analysis
The equivalent circuit model of the designed absorber is illustrated in Fig. 9 .
The equivalent circuit composes three parts: R 0 represent the free space characteristic impedance (resistance only), a parallel connection of three RLC serial circuits represents the top ITO layer equivalent impedance, and C d and L d represent the capacitor and inductor of the transmission line formed by the glass medium and the bottom ITO layer. For the top ITO layer, the R, L, and C represent the equivalent resistor, inductor, and capacitor, respectively, and the three circuits represents the equivalent circuits for the two arms of the split ring as well as the overlapped squares.
Quantitative simulation was performed by Advanced Design System (ADS), and thus-obtained absorption curve was plotted and compared to the HFSS simulation result in Fig. 10 , where the [38] , [39] , and is plotted in Fig. 11 . At the two absorption peaks (labelled in Fig. 11 ), the real part of the normalized impedance was close to 1, and the imaginary part close to 0, which means the normalized impedance at these two frequency points could match very well with the free space impedance, so that perfect absorption was achieved.
Dependence on the Polarization Angle and Incident Angle
All the above analysis was based on zero polarization angle φ of the incident wave. However, a perfect absorber requires insensitivity to the polarization angle. So the absorption spectrum dependence on the polarization angle was studied by simulation, as illustrated in Fig. 12 . It can be clearly seen that the impact of polarization angle to the absorption was pretty small, or the designed absorber is insensitive to the polarization angle. The polarization insensitivity can be attributed the geometric axial symmetry of the top ITO layer design. Another concern is the absorption spectrum dependence on the incident angle. Impact of different incident angle θ was also studied, and the results are shown in Fig. 13 .
It can be seen from Fig. 13 that the absorption curve dropped with the incident angle, and in general TM polarization dropped faster than TE polarization. However, for θ ≤ 30
• , the absorption spectrum change was relatively small. Even at θ = 30
• , the high absorption band (absorption >0.8) was still ultra-broad, i.e., from 15 GHz to 40 GHz for TE polarization, and from 15 GHz to 35 GHz for TM polarization. This θ ≤ 30
• condition is true for most practical cases, where the incident wave is usually far away from the object so that the incident angle is very close to 0. So in practice the absorption spectrum dependence on the incident angle can usually be neglected as well. 
Conclusion
An optically transparent ultra-broadband microwave absorber based on ITO glass was designed and tested. The absorption performance was verified by simulation and experiments, with absorption ratio >0.8 between 15.6 GHz and 39.1 GHz. At the same time, the whole absorber was transparent in the visible light range, with very low transmittance in the ultraviolet and infrared wavebands. The equivalent circuit of the absorber was modeled and calculated, revealing that impedance matching with the free space was key to the perfect absorption characteristics. The absorber was insensitive to the polarization angle. For incident angle less than 30°, the change of the absorption spectrum can be neglected. All these results prove that this new design of absorber can be a useful tool for advanced stealth systems and other applications.
